A preliminary investigation of the feasibility of acoustic imaging of vapor bubbles through optically non-transparent media is described. Measurements are reported showing the echo signals produced by air filled glass spheres of various sizes positioned in an aqueous medium as well as signals produced by actual vapor bubbles within a water filled steel pipe. In addition, the influence of the metallic wall thickness and material on the amplitude of the echo signals is investigated. Finally several examples are given of the imaging of spherical bubbles within metallic pipes using a simulated array of acoustic transducers mounted circumferentially around the pipe. The measurement procedures and a description of the measuring system are also given.
I. INTRODUCTION
In nuclear power reactors cooled by water or liquid sodium, it is important that a continuous flow of coolant be maintained on the walls of the various heat exchangers used to extract thermal energy from the reactor. Because of the dangers of dryout in these cooling systems, it would be highly desirable to be able to observe the presence of vapor bubbles and liquid film flow within the cooling structure. Since the heat exchangers are made of metal and operate under conditions of high pressure and temperature, it is not generally possible to provide windows or other means to permit optical viewing of their interior conditions.
A number of methods(l,2) have been employed to investigate two-phase flow conditions existing in reactor safety research facility cooling systems. Direct optical viewing with TV or other cameras has frequently been applied to studies of transparent model systems.
The present authors have developed(3) an electro-optical system for the imaging and computer analysis of two-phase flow parameters in such model systems. For opaque systems, the methods used include conductivity and capacitance probes, thermocouples, flow-meters of various types, and gamma ray and flash x-ray absorption techniques. Although the above mentioned methods have been an effective tool for reactor safety research, there is a need for non-intrusive measurements of local two-phase flow phenomena through optically non-transparent media.
Acoustic imaging techniques have been developed in recent years for use in medical diagnosis, nondestructive testing, mjcroscppy, underwater imaging and seismic exploration 4, 5, 6) . In the nuclear power field, acoustic methods have not to our knowledge been used for the imaging of fluids within piping structures Lynnworth et al (7) have reviewed other uses of ultrasonic techniques in nuclear reactor applications. In addition, acoustic flowmeters (8) have been developed for measuring the flow rates of fluids passing through metallic p.ipes.
In this paper we report a preliminary investigation of the use of acoustical imaging as a technique for studying the conditions within a metallic pipe.
II. EXPERIMENTAL APPARATUS
The experimental apparatus used to generate and detect the acoustic echo signals is shown in Fig. 1 and described in greater detail in Ref. 9 . A commercially available ultrasonic transducer (Parametrics model V112) was mounted on a flattened portion of the outside wall of a steel pipe, using a coupling fluid (mineral oil) to maintain acoustic contact. The pipe was filled with water and a reflecting object suspended in the acoustic beam. Micrometer driven positioners were provided to enable the suspended object to be moved in the x, y and z directions.
Electrical pulses to drive the transducer were generated by an HP model 8012B pulse generator and driver amplifier. Symmetrical pulses of amplitude approximately 10 V and width 150 ns were used. A receiver consisting of two wide bandwidth operational amplifiers with a total gain of 80 dB was used to detect the echo signals produced by the transducer. An active gating circuit decoupled the transmitter during the receive phase.
A multiple stop time digitizer (10) was used to convert the acoustic echo arrival times into digital form for analysis and imaging by a PDP 11/34 computer. This CAMAC based unit has a time resolution of 0.125 ns and provisions for loading both the time range during which echo timing pulses are accepted and the dead time (140 ns min.) between accepted pulses. The digitizer timing was initiated by the transducer excitation pulse and multiple stop pulses were generated by one of two discriminators connected to the receiver output. Depending on the nature of the echo pulses received, a level discriminator could be used to detect any signals of amplitude greater than a preset threshold, and a differential discriminator could be used to detect rapidly changing pulses on a more slowly changing baseline.
A first in-first out (FIFO) derandomizing register with a capacity of 128 stop times was employed to buffer the digitizer output. The timing data was then stored in a 'Multi-channel analyzer and transmitted to the computer via a serial data link. For some measurements in which the anticipated number of stop times was less than the capacity of the FIFO, the data was read out to the computer directly via a CAMAC interface.
III. ECHO SIGNALS FROM SPHERICAL REFLECTORS
Due to surface tension effects, vapor bubbles produced in a cooling system have a tendency to be spherical in shape. In addition, their smooth boundary surfaces will produce specular reflections of acoustic pulses. For If a spherical object is placed in the acoustic field with its center on the beam axis, the reflected wave will not only be returned to the transducer plane, but off-axis rays will diverge into a cone, thereby resulting in an echo signal whose intensity is significantly reduced over that from a planar reflector. Combining the divergence produced by the sphere with that of the acoustic beam in the far field, one would expect the echo amplitude for a given sphere to decrease approximately as (lz)2. In addition, for a fixed transducer-reflector distance, the amplitude should be approximately proportional to the diameter of the sphere.
In Fig. 2 
IV. ECHO SIGNAL TRANSMISSION THROUGH METALLIC WALLS
The transmission of an acoustic wave through a metallic wall into the water medium is accompanied by a large reflected wave caused by the impedance discontinuity(11) at the boundary. As a result, the fraction of the incident acoustic energy which passes into the water medium and is available for echo formation is significantly reduced. In addition, the reflected wave bounces repeatedly between the two metallic walls and produces a reverberation signal which can obscure the desired echo signal.
The reflection coefficients for an acoustic wave incident normally on an interface between materials of impedances Z1 and Z2 is given by (11) Z2 Z1 R _z + Z Z2 Z1
Calculations show that, for normal incidence, only 11.7 percent of the initial amplitude is returned to the transducer plane after a two-way transmission through a steel wall. For an aluminum wall, the impedance discontinuity is less and 29.5 percent of the amplitude is returned to the transducer plane. For angles of incidence other than 90 degrees, the longitudinal transmission and reflection is accompanied by the generation of shear waves in the metallic medium and refraction of the acoustic beam at the interface. Within the liquid mediurn only longitudinal waves are propagated.
In addition to the transmission loss which occurs at the metallic boundary, there are other effects which contribute to the amplitude of the echo signals observed through the metallic wall. Measurements were made of the echo signals produced by reflectors of differing geometrical shapes detected through alumimum and steel plates of various thicknesses. In Fig. 3 is shown a graph summarizing these results for the case of aluminum. For spherical reflectors, the echo amplitude is found to be proportional to l/t, where t is the wall thickness, while for cylindrical reflectors, the signal is proportional to the square root of l/t. it is necessary to employ an array of transducers appropriately positioned to provide a complete view of the region being imaged. A number of possible options exist for choosing the locations of the transducers making up the array. In this preliminary investigation, we have chosen to position the transducers around the outer circumference of the pipe at equal angles within a single plane. With this arrangement, the object being imaged will be detected by a number of transducers as it passes through the plane of observation. The distance ranging information generated by these transducers can then be processed by the computer to produce a polar display of the imaged region.
In order to reduce the experimental complexity, instead of an array, a single transducer was used together with the apparatus shown in Fig. 1 . The object, a thin wall glass sphere, was suspended in the water filled pipe at a fixed position. Measurements were then made with the transducer mounted at one position around the circumference of the pipe and the results were stored in the computer. These measurements were repeated at all of the chosen angular locations. The computer then converted the echo timing and angular data into an appropriate form for graphical display.
To perform real time imaging of a moving object it would, of course, not be possible to use a single transducer. In this case an actual array of transducers would be mounted on the pipe. These would then be pulsed in rapid succession and the data collected using a multiplexer to scan the array. Such an arrangement is under consideration for the next phase of this work.
In the following sections we consider two examples illustrating the generation of acoustical images of spherical objects within water filled pipes. In the first case, a plastic pipe was used and in the second, a stainless steel pipe was employed.
A. Imaging in a Plastic Pipe
Because the acoustic impedance of plastic (lucite) is more nearly equal to that of water, a better impedance match is achieved at the solid-liquid interface than can be obtained with metallic walls. As a result, the reverberation echos within the wall are dramatically reduced, making it easier to obtain echo signals without interference. In addition, it is convenient to be able to view the inside of the pipe.
A glass sphere of diameter 29.5 mm was suspended in a lucite pipe of outer diameter 152 mm and wall thickness 6.3 mm. The transducer was clamped directly to the curved surface of the pipe using a coupling fluid. The acoustic echo signals were digitized and stored in the computer for 18 angular positions around the circumference of the pipe after which the data was analyzed and plotted. Figure 5 (a) shows a typical bubble echo signal obtained with this arrangement. In the figure a few echos from the front wall can be observed and two echos from the bubble can be seen.
In Fig 
B. Imaging in a Steel Pipe
The imaging of vapor bubbles within a steel pipe is complicated by the presence of reverberation echos within the pipe wall which obscure the reflections from the bubbles. Figure 6(a) If the outside wall of the pipe is furnished with a transducer mounting surface consisting of a flat area inclined at a small angle with respect to the surface normal, the multiple echo pulses will no longer be returned to the transducer. Instead they will traverse a ziz-zag path down the length of the pipe and not be detected. Figure 6(b) shows, for the same pipe and spherical reflector, the echo signals detected by a transducer inclined at an angle of 10 degrees to the normal. It is evident from the figure that a dramatic reduction in the number of spurious echos can be obtained by tilting the transducer. Although a tilt angle of 10 degrees is used, the actual tilt angle of the refracted acoustic beam in the water medium is only 2.5 degrees.
An identical steel pipe to that described above was fitted with an array of 20 mounting surfaces at 18 degree intervals. Each surface was inclined at an angle of 10 degrees to the normal. Two examples of the imaging of spherical bubbles using the above pipe are illustrated in Fig. 7 . In 7(a) a 29.5 mm diameter bubble was located at the pipe center. With a 14.8 mm diameter bubble located at (5.6 mm, -4.2 mm), the image in 7(b) consists of two echos diametrically opposed.
VI. DETECTION OF ECHOS FROM REAL VAPOR BUBBLES
We have investigated the echo signals produced by phantom vapor bubbles constructed from thin wall glass spheres filled with air, and demonstrated the formation of images produced by these bubbles. It is important to compare these results with echo signals generated by real air bubbles in the liquid in order to evaluate the potential for imaging them. Air bubbles were produced by pulsing an electrically operated valve which was mounted on the bottom of a steel pipe and connected to a compressed air supply. The transducer was attached to the wall of the pipe using a 10 degree tilted mounting surface as described above. In order to photograph the echo signals produced by the bubbles, a coincidence circuit (9) was combined with the apparatus shown in Fig. 1 to trigger the oscilloscope only when an actual bubble passed the transducer. Figure 8 shows a typical echo signal produced with this arangement. In the upper trace, a double exposure was taken to show both the bubble echo at delay 26 ps and the rear wall echo from the pipe at 75 ps. The lower trace shows the acceptance gate used to provide the oscilloscope trigger signal.
The above measurements show that reliable echo signals can indeed be detected from real bubbles within the pipe. Since the apparatus used in this experiment included only one transducer, it was not possible to generate an image of these moving bubbles. Actual imaging of the bubbles will be investigated in future experiments using an array of transducers.
VII. SUMMARY
We have seen that it is possible to produce two dimensional images of spherical reflectors by acoustical ranging through the walls of a steel pipe in spite of the large impedance discontinuity which exists at the metallic boundary. In 
